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Abstract 

We study the Q^-evolution of the form factors (FFs) for the nucleon-to-A^*(1680) tran- 
sition in the framework of an effective field theory. To this end, the intrinsic symmetries 
of the spin- 1 Rarita-Schwinger (RS) fields are analyzed, and a Lagrangian of the elec- 
tromagnetic A^A^*(1680) interactions is constructed. The Lagrangian preserves all the 
intrinsic symmetries of the spin-| field — ^point and gauge invariance — and does not 
involve lower-spin components of the reducible RS field. Besides, the symmetries pos- 
tulate the definitions of the Lagrangian FFs. These FFs are modeled as dispersionlike 
expansions in a vector-meson-dominance model. A good agreement with the experi- 
mental data is achieved. 
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1, Introduction 

The resonance A^*(1680) enjoys a special place in the family of nonstrange baryons. 
Carrying as it does a spin-parity 7^ - , the A^*(1680) is the highest-spin nucleon 
resonance, all three nucleon-to-resonance form factors (FFs) of which can be reliably 
extracted from the current experimental data |[lll2]- However, to our knowledge, in the 
literature there is no Lagrangian effective-field model of the — > A^*(1680) electro- 
magnetic interactions such that the A^*(1680) field involves correct number of degrees 
of freedom (DsOF) both on-shell and off-shell. 

In this letter we construct a Lagrangian of the electromagnetic A^A^*(1680) inter- 
actions that preserves all the symmetries of the free spin-| Rarita-Schwinger (RS) 
field. Such interactions involve only physical DsOF of the reducible field. Using 
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this Lagrangian we study the 2^-evolution of the helicity amplitudes for the transition 
A^*(1680). The remainder of the paper is organized as follows. 
In the Section|2]we recover the Lagrangian of the free spin-| RS field Istl- Here we 
show that it possesses symmetry properties similar to those of the spin-| RS field — 
invariance under point and gauge transformations of the field. These intrinsic symme- 
tries of the field are linked to the constraints eliminating redundant lower-spin com- 
ponents of the reducible RS field. To obtain consistent interacting spin-| theory, we 
should require the invariance of the interaction Lagrangian under the free-field symme- 
tries. 

The 7'*A^A^*(1680)-Lagrangian preserving the required symmetries is written down 
in the Section [3] Three terms of the minimally local Lagrangian turn out to be de- 
fined uniquely and involve different numbers of the field derivatives, which provides 
us with the classification of the FFs in terms of the differential order of the Lagrangian. 
Besides, we find that the Lagrangian shares much in common with the ■y*NA{l232)- 
Lagrangian |4] of the same symmetry in its form and properties. 

In the Section|4]the helicity amplitudes of the electromagnetic A^A^*(1680)-transition 
are calculated using the constructed Lagrangian. The relations between the helicity 
amplitudes and the Lagrangian FFs prove to be the same as in the case of the spin-| 
resonance. It suggests that the symmetries considered provide us with a unified de- 
scription of the interactions of the higher-spin resonances. Also in this Section the 
high- 2^ behavior of the amplitudes and the FFs is considered. 

In the Section |5] the available experimental data is fitted using the formulas of the 
model developed. Finally, the Section|6]is a summary of the results of the paper. Here 
we also stress many similarities between the point and gauge invariant theories of the 
transitions — > spin-| and spin-| resonances. 



2. Internal symmetries of the spin- 1 fields 

The Lagrangian of the free symmetric Rarita-Schwinger (RS) field *P^v should lead 
to the Dirac equation for each tensor component of the field and the constraints elimi- 
nating redundant DsOF of the reducible field ^P^y js)], 

{ind'-M)^'^,^0, (1) 
^-'^I',^ = = j^^'a^. (2) 

To obtain the constraints for the RS field with spin J ^ |, it is always necessary 
to introduce auxiliary fields ||6|]. The most general Lagrangian for the spin-| can be 
written as 

+ "^'^ KlxA.,p(A' - B)] ^P-^- 

+ KM^i& - ^'^80|"^j " Q('y^i^' + 3m) + H.c. (3) 
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Here 0(x) is an auxiliary spin-:^ field, k is an arbitrary real parameter, A |, Z? 
are complex parameters, and the round brackets (■■) enclose symmetric pairs of indices, 
A-ijiv) - ^(^//v + Ayij), while the curly ones {■■) enclose symmetric and traceless pairs, 
A[fiv\ - Mtiv) ~ J^ti'- The tensor spinors in the kinetic and mass terms of the Lagrangian 
([3]) are given by 



ReA + 1 7/,yp7^ 



A2) 

fivAcrp 



16|Bp + |3A-2|2ReB 
|3A-2p 



gpvgAa-Jp + 2Bg,ia-gypyf, + 2B*gp_yg^py;i, 



T^^\ (A,B) 



Amy 



inSf^vg'icr- 



|3A -2p 

For the real values of the free-field parameters, ImA = ImB = 0, the Lagrangian Q 
was derived in Ref . ^ . 

Evaluating field equations for the Lagrangian (|3]l and operating on them by y^ and 
ff^ give all the necessary constraints and eliminate the auxiliary field, = 0. We 
thereby are led to the conclusion that the free RS field equations are derived from a 
two-parameter equivalent class of actions 5ff (A, B). 

The spin- 1 RS field possesses the similar intrinsic symmetries as in the case of spin 
|. In the massless limit the Lagrangian is invariant under gauge transformation of the 
field, 



(4) 



where is a vector spinor field subjected to conditions d^a^ = = y^a^ and yxd'^a^ = 
(The latter condition is unnecessary for A = 2.). Besides, the equivalent class of the 
Lagrangians Q is invariant under two-parameter point transformation. 







B\ 3A2 



(A2,B2|Ai,Bim^, 
2 



B; 3Ai - 2 



0, 



(5) 



where 



A, 



Act/ 



,y (A2,B2|A,,Bi) = 5jXi'+34 



A2-A1 



''5yr^ 



1 B2 3A; - 2 
4b73A! -2 



gpvgAo-- 



The point transformation (|5]) shifts the parameters of the free-field Lagrangian O) from 
the values Ai, Bi to A2, B2- As in the case of the spin-| RS field ITl |8|] the point 
transformations (|5]l form a non-unitary symmetry group, with the multiplicative law 
being given by 



A.yP'^- 



(A2, B2IA0, Bo)ApJ'^(Ao, BolAi, Bi) = A^^-^CAz, B2IA1, Bi) 
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3. Lagrangian of the electromagnetic AfAf*(1680)-interactions 



The consistent interaction Lagrangian of the spin-| field should involve only phys- 
ical DsOF of the reducible RS field. Put in other words, the Green's function sand- 
wiched between vertex operators should reduce to the spin-| projection operator, 

i>'^r ( r.\ r-^o" - f''^ ^ p(5/2) I N ^xcr 

J^^-^(JiivXa\P)J(2) - ■'{\)p_ ^ _^ ■q^,,vaAP>-'(2)^ 

where ^re some tensor-spinor currents. The projection operator P^'^l^l-ip) can 
be written as 

P^l^l^P^ - -^i^,^^my<r6lfl^p'p\ (6) 

where the tensor spinor T^avpAya-s is introduced below in Eq. (O. The projector is y- 
and p-transversal. 

It can be shown that there are two classes of such interactions. The first class is 
the interactions invariant under the gauge transformations (|4]l and B-part of the point 
transformations (|5]l. It is a direct generalization of the spin-| interactions studied in 
Refs. 10, [13. [Htl • Such interactions do not involve lower-spin components of the RS 
field only for the exceptional value of the free-field parameter A - 2 and could modify 
the constraints ^ making them nonlinear. Therefore, the first-class interactions break 
the point invariance of the equivalent class of the Lagrangians (O. The gauge-invariant 
interactions are described by 4-transversal traceless tensor-spinor currents, 

5^7^, = 0, = 0, = ^ / d\^Ux). 

The second class is the interactions that are invariant under both the gauge and point 
transformations of Eqs. (|4]i and (|5]l. Such interactions are described by 4- and y- 
transversal currents, (^J^v = = y^J^iv The point and gauge invariant interaction 
Lagrangians is a subclass of gauge invariant ones. They are different, however, in that 
the point and gauge invariant interactions leave the free-field constraints (|2|intact. The 
point and gauge invariant Lagrangians were considered in Refs. [Ql and ifla lsl] for the 
cases of electromagnetic A^A(1232)-interactions and trilinear interactions of pions and 
nucleons with spin-| (|) resonances, respectively. 

It is easy to see that the first class of interactions includes infinite number of possi- 
ble interaction Lagrangians. Fortunately, the point and gauge invariant interactions of 
the second class imply more strict constraints on the symmetry of the Lagrangian. Pre- 
serving the simple structure of the free-field linear constraints, the point and gauge in- 
variant interactions result in the Lagrangian that is defined unambiguously. Therefore, 
in what follows we will consider interactions that are both point and gauge invariant. 
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The most general gauge and point invariant local Lagrangian of y*A^A^*(1680)- 
interactions is as follows. 



+ ^ABpiiafigto( - ^ABainafigpi ~ ^ ABpojafig Cri)N'^'W^" + H.C. (7) 



Here capital Latin letters denote bi-indices, V^y are strength tensors of photon and 
vector-meson fields, and ^pvAa is the gauge invariant operator which shares the prop- 
erties of the Riemann-ChristofFel tensor, 

^pvA(r ~ ^vpAcr ~ "^juvcri* ^fivAcr — ^Acrfiv- 

The 8th-rank coupling tensor spinor Fabcd is antisymmetric under permutations in the 
four pairs of its indices, Tabcd = -^abcd = -^abcd = -^abcd = -^abcd (bars denote 
permutation of the indices, A - j^v and A = vfi), and symmetric under permutations of 
the first and last two pairs, Tabcd = Tbacd - Tabdc- Due to the point invariance of 
the interaction Lagrangian, the coupling tensor spinor is y-transversal, yTf^vBCD - - 
TABCafiT^- The coupling tensor spinor can be explicitly written as 

9 

Tabcd ~ ~ Jq (TadTbc + TbcTad + TacTbd + TbdTac) 
3 

+ — (TabTdc + TbaTdc + TabTcd + TbaTcd) 
3 

- (TacTdb + TbcTda + TadTcb + TbdTca) , (8) 



where 



TfivAo- — 2 



efivAtT + '75 [gitAgvtr - gvAgiia) - - [gfiA 



(9) 



Here d-^y = ie^„,fO-* is dual to cr^^ = jijtiyv - JvJn)- 

It should be noted that the Lagrangian (|7]i is defined uniquely in each given differ- 
ential order. This follows from the fact that any y-transversal coupling tensor spinors 
r^/v^tj... permitted by the symmetry of the theory contain the universal 8th-rank tensor 
spinor Tabcd as a carrier of its symmetry properties, 

Tab... = Tab""" [Rcd... + y'S co,,... + ^^"^ W-) - dO) 
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where R, S,T are some coefficient tensors. 

Another attractive property offered by the point and gauge invariant Lagrangian (|7|l 
is that it has the same structure as the point and gauge invariant Lagrangian in the case 
of spin- 1 RS field 141], 

'8 



V 2M^ 



V2m2m^ (11) 



where ^P^,, = 5^*l'v - c^v*f/j is the field strength tensor. Comparing the Lagrangians 
(|7]i and (fTTT i it is readily seen that they share all mathematical properties — (i) in both 
cases there exists the universal y-transversal coupling tensor spinor; (ii) relations be- 
tween higher-derivative couplings and the universal tensor spinor has the same struc- 
ture in both Lagrangians; (iii) all three local couplings are defined uniquely and clas- 
sified in terms of the differential order of the corresponding Lagrangian. Therefore, 
the point and gauge invariance of the Lagrangian result in the unified structure of the 
Lagrangians, at least in the cases of spin-| and |. It is also important that the 8th-rank 
coupling tensor spinor ([8]l for spin-| is related to the 4th-rank coupling ^ for spin-|. 
It can be expected that this is the regular pattern that will remain for all higher-spin 
resonances J ^ j- 



4. Helicity amplitudes and form factors 



The helicity amplitudes for the electroproduction of the A^*(1680) resonance on the 
mass shell calculated using the point and gauge invariant Lagrangian ^ are 



Ai/2 = -J-[hMrFi + [q- -fiMN)F2+fiMNF3], 



t2 + ——5 



2Ml 



(12) 
(13) 
(14) 



where Ff - Ff(Q ), /= 1, 2, 3 are the point and gauge invariant FFs, fi - Mr - Mn, 



-1/2 



5Ml{Ml-Mj,)' 

In Eqs. (fT2]l-(fT4ll there are two types of the 2^-dependent functions (except FFs 
themselves). The functions of the first type are square-root common factors that are 
universal kinematic factors present in any Lagrangian model ifisll . The second type of 
functions is polynomials accompanying FFs. The particular form of these polynomials 
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depends upon the choice of the Lagrangian. It is interesting to note that the polynomials 
in Eqs. (fT2]l-(fl4]l are the same as in the case of the spin-| resonance A(1232) (see 
Eqs. (6)-(8) in [4]) up to the change — > -M^, since the resonance A(1232) is 
of abnormal parity, J'' - \ - It means that the point and gauge invariance produces 
the universal structure of the electroproduction helicity amplitudes, with the spin of 
the excited resonance being irrelevant. It should be stressed that such simple result 
for observables is obtained, despite the fact that the spin-| coupling dHJ is much more 
lengthy than the spin-| one The independence of the amplitudes in the spin of 
the resonance results from the existence of the universal y-transversal structure (|9]l — 
any coupling in a point and gauge invariant Lagrangian is expressed through the tensor 
spinor (|9|. 

At asymptotically hi gh ^ pQCD predicts the scaling behavior of the helicity am- 



plitudes ([T2li-([T4ll to be ll4|] 



^3/2 ^1/2 ^1/2 (15) 

where £ - \n (Q^/A^) and n2 - ~ 2. From Eqs. (fT2b-(fT4l) and ([T5]l it follows that the 
high- 2^ behavior of the EEs is 

^1 ~ glO^' ~ gS^' ^3 ~ (16) 

and«3 > «i. This implies that the EEs FiCQ^) ^ Q^^Ab/i, f 2(2^) ~ F^iQ^) ~ 

Q^^S 1/2 acquire (in the asymptotic domain) the statuses of, respectively, the EE of 
the processes involving flips of two quark helicities, the non-helicity-flip EE, and the 
helicity-flip EE. 

It should be noted that such high- 2^ properties of the EEs are naturally consis- 
tent with the classification of the EEs in terms of the differential order of the interac- 
tion Lagrangian. Indeed, the first and the third terms of the Lagrangian (|7]l involve 
baryon fields of opposite chiralities and, thus, describe electroproduction with the flip 
of baryon helicity. The second term, contrarily, links the nucleon and resonance fields 
of the same chirality and, consequently, amounts to helicity-conserving interactions. 



Within the vector-meson-dominance (VMD) model Ill5ll . the EEs Ff(Q^) are given 
by dispersionlike expansions 

^f^Q^^h ^1 + 0^ ^h-0irh"'kKf^Q)^ (17) 

with the poles being at the masses nik of the vector mesons listed in Tab. [T] Note that, 
since the co and p-mesons form singlet-triplet famiUes with near mass degeneracy in the 
families, we neglect singlet-triplet mass splitting and introduce averaged masses = 
('"M/t '"o')*-'^^' ^^^i'l^S' ill 1^1- C3 it is supposed that w and p-mesons propagate 
in the nucleon medium identically, i.e. >^j{Q^) I >^j(Q) - >!^y(6^)/>i^y(0). This is 
justified by the lack of the data on the neutron EEs for the transition ny* — > A^*(1680). 

To assure correct high-Q- behavior of the dispersionlike expansions of the EEs ( [TtI i. 
we assume the following: (i) The 2^-dependence of the expansion coefficients is inde- 
pendent of the meson-family index k, XkfiQ^) - >Ckf(0)/Lf(Q^). (ii) The interpolation 
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Table 1: PDG vector-meson masses (GeV) (18]. The isosinglet mesons (j(1960) and w(2205) ai'e listed in 
the section "Further states" IT^ . The last column gives an averaged mass = + u)/^] 



k 










ink 


1 


P(770) 


0.77549 


ai(782) 


0.78265 


0.77908 


2 


p(1450) 


1.465 


ai(1420) 


1.425 


1.445 


3 


p(1700) 


1.720 


601(1650) 


1.670 


1.695 


4 


p(1900) 


1.885 


601(1960) 


1.960 


1.923 


5 


p(2150) 


2.149 


6oi(2205) 


2.205 


2.177 



Table 2: Fit parameters. 

><2(0) 0.1383 a, 0.6242 

ZLi>^tt(0) 0.2201 /^i -1.008 

2Li>^r2(0) 0.4158 0.03885 

SLi^^wCO) 0.07661 b2 -0.1034 

«i 0.7375 03 0.08825 

n2 3 ^3 -0.5403 

nj 1 A 0.3 



functions LfiQ^) are given by L/ = (l + Z?/ + afe^Y'^, = ln(l + gVA^), which 
effectively takes into account the renormalization of the str ong coupling constant and 
the 2^-evolution of the parton distribution functions lfl6l, 171. (iii) The parameters 
of the meson spectrum satisfy the superconvergence relations St ?M^">f:^^(0) = for 
/= 1, 2, 3,n = 1, 2, 3 and/ = 1, 3, n = 4. 



5. Data analysis 

The dispersionlike expansions of the point and gauge invariant FFs are fitted to 
the experimental data on the A^*(1680) electroproduction off the proton lfl8i [lll2ll with 
;f^/DOF - 1.05. In the fit we use K - 5 vector mesons — the minimal number of the 
mesons that is sufficient to saturate the superconvergence relations. The meson masses 
and the fit parameters are set out in the Tables [T] and |2l The fit curves and the data 
points iflSt, 1, 21 are depicted in Fig.[T] The figure|2]shows the FFs Ff{Q^) extracted 
from the data using the formulas for the helicity ampUtudes (fT2li-(fT4li. As can be 
seen in these plots, the VMD model of the point and gauge invariant FFs agrees with 
the data well, which supports that vector-meson dominance model is applicable to the 
global in description of all the nucleon electromagnetic FFs and that higher-spin 
intrinsic symmetries are an important element in the baryon-meson field theories of the 
transition FFs. 

It is interesting to study explicitly the ratios of the FFs, since such quantities appear 
to exhibit scaling behavior starting from the momentum transfers lower than 1 GeV^. 
Such low-2^ scaling of the FF ratios has been seen in the cases of the nucleon elastic 
FFs iH and the FFs for the transition — > A(1232) j^. However, the quality and 
2^-span of the available experimental data on the FFs of the A^A^*(1680)-transition are 
completely insufficient to draw any definite conclusion concerning the regime of the 
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Figure 2: Point and gauge invariant FFs for tlie transition py* — » W*(1680). 
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2^-evolution of the FF ratios, although the hypothesis of the scaling behavior of the 
ratios does not contradict the experimental data. Further data should be anticipated to 
remedy this. 

6. Conclusion 

In this Letter we suggested a Lagrangian of electromagnetic A^/?-interactions in- 
volving spin-| resonances. The Lagrangian preserves all the symmetries of the free 
spin- 1 field and, consequently, does not modify the free-field constraints. The La- 
grangian belongs to the class of consistent gauge-invariant interactions ifioll . which do 
not excite redundant lower-spin components of the RS field. Being point-invariant as 
it is, the Lagrangian is specific among other possible gauge-invariant Lagrangians. (1) 
All three terms of the minimally local Lagrangian are defined uniquely by the sym- 
metry and their differential order (2) The symmetry classifies the FFs in terms of the 
differential oder of the corresponding Lagrangian vertex. This classification is consis- 
tent with the pQCD interpretation of the FFs in the asymptotic domain. 

It should be noted that these properties are also shared by the point and gauge 
invariant theory of the spin-| resonances [4]. Besides, the point and gauge invariant 
y*A'/?-interactions of the spin-| and | resonances are unified in three other ways. (1) 
All tensor-spinor couplings are expressed through the universal tensor spinor (|9]l. The 
couplings of the spin-| are linear in the tensor spinor while the couplings of the 
spin- 1 are bilinear in it. (2) The tensor spinors ^ and ([8]l (bilinear in the coupling (|9])) 
take the same place in the Lagrangians for the spin-| (fTTT i and spin-| ^ resonances, 
respectively. (3) The pre-FF polynomials in helicity amplitudes (fT2l) - (fT4l) are the same 
in both cases of spin-| and spin-| resonance excitation. 

All these analogies allow us to expect that this pattern remains for arbitrary high 
spin of the resonance. In this case the point and gauge invariance result in a unified, 
simple, and consistent description of all y*A^/?-interactions. 
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